Segmented generators where the p-or n-type legs are formed by joining materials in series enables each material to operate in their most efficient temperature range. Here, we have fabricated and characterized segmented thermoelectric p-and n-type legs based on bismuth tellurides and halfHeusler alloys p-type Hf 0.5 Zr 0.5 CoSn 0.2 Sb 0.8 and n-type Ti 0.6 Hf 0.4 NiSn. A twostep process was introduced to join the half-Heusler to the bismuth tellurides to form a segmented structure which was then characterized for its thermoelectric and structural properties. The output power generation was characterized under various hot side temperatures up to 873 K with the cold side fixed at 323 K. The stability of the joints was also investigated under heat treatment and thermal cycling. Under working temperatures from 323 K to 873 K, the obtained p-type segmented legs could deliver a power density of 0.3 W cm À2 and maximum voltage of 115 mV. With the same condition, the power density and the maximum voltage generated by n-type segmented leg were 0.25 W cm À2 and 102 mV. The area-specific contact resistances of the pand n-type legs were 50 lX cm 2 and 35 lX cm 2 , respectively. The output performance of each leg was $ 95% after 6 cycles from 323 K to 873 K.
INTRODUCTION
Although thermoelectric (TE) power generation has many advantages, its conversion efficiency so far is still rather low: less than 10%. One example is TE generators (TEGs) composed of half-Heusler (HH) alloys that are very competitive materials suitable for medium-high-temperature range up to about 873 K. 1, 2 A unicouple composed of the p-type Fe 2 VAl 0.9 Si 0.1 and n-type Fe 2 V 0.9 Ti 0.1 Al Heusler alloys has an efficiency of 1.4% with hot side temperature of 573 K and cold side temperature of 293 K. 4 Segmentation of HH with bismuth telluride (BiTe), the dominant material at the low-temperature range up to 473 K 5-7 is predicted from numerical modeling to improve the thermal conversion efficiency of TEG. 5, [8] [9] [10] In particular, calculations predicted 6 that a segmented leg of BiTe with HH could reach a maximum efficiency of more than 10% at hot side and cold side temperatures of 900 K and 300 K, respectively. Therefore, this work is aimed at segmenting these two materials and paving the way to develop high-efficiency segmented TEGs.
Since different TE materials often have different physical and chemical characteristics, joining these materials is considered to be the most challenging part in fabricating segmented TEGs. 5, 10, 11 The joining process requires strong adhesion, good chemical stability and low contact resistance between the materials. [10] [11] [12] [13] Joining HH and BiTe is no exception and poses major challenges. BiTe is suitable at temperatures below 523 K and deteriorates above 773 K due to the degradation of the material. 7, [14] [15] [16] [17] [18] HH, however, is composed of thermally stable materials with melting points exceeding 1773 K, depending on composition. The low wettability, however, results in a low capability to form bonds with other materials. 19, 20 According to D'Angelo and Börner et al., 21, 22 in order to directly join two different materials, the temperature at their interface should be elevated to the range from 50% to 80% of the lowest melting point. Thus, HH and BiTe cannot be joined directly together due to their large difference in melting temperature. 4 NiSn, respectively, were prepared by arc melting the stoichiometric mixture of the pure elements. The arcmelted ingots were then ball-milled (Planetary ball mill PM 100) into fine powder with particle size distribution ranging from 1 lm to 10 lm. The powders were then consolidated into bulk samples by spark plasma sintering (SPS 515S). The sintering was done at a pressure of 50 MPa and a temperature of 1200°C for p-type and at 1050°C for n-type with the ramping rate of 50°C per min for both types. The sintering processes took 30 min for each sample. BiTe ingots of p-type Bi 0.6 Sb 1.4 Te 3 and n-type Bi 2 Te 3 were purchased commercially and their TE properties were measured.
The electrical resistivity and Seebeck coefficient of the materials were measured using ZEM 3 (ULVAC) with measurement uncertainties of 3-5% for the electrical resistivity and 5-7% for the Seebeck coefficient. The thermal conductivity (j) was calculated from the thermal diffusivity (a), the mass density (D) and the specific heat capacity (C p ) according to the equation j = aDC p . 1 The thermal diffusivity was obtained by the laser flash method (Netzsch LFA-457), the mass densities of the samples were measured by Archimedes' method using water with surfactant and the specific heat capacity was measured using a differential scanning calorimeter (Netzsch DSC 404C). The uncertainty of the thermal conductivity is 7-10%.
Segmentation of Bismuth Telluride and HalfHeusler
From the obtained ingots, BiTe and HH were cut into rectangular pieces and assembled into segmented TE leg with a cross-sectional area of 4 9 4 mm 2 and a total length of 8 mm. ) or and Al (CTE = 22 lK À1 ). However, the joining was not successful mainly due to the poor wettability of HH with the molten solders. The problem was also encountered in Refs. 20 and 26. We therefore developed a two-step procedure to join HH and BiTe. First, HH was joined with Ag by hot pressing at 1053 K under a pressure of 40 MPa in vacuum following the joining process described in Ref. 9 . Following the coating of Ag, the Ag surface of the joined HH/Ag was cleaned with acetone and ethanol. A 0.3-lm-thick foil of Ag 10 Sn solder alloy was placed on top of the cleaned Ag surface and joined with the BiTe segment. The TE leg was placed into a spark plasma sintering (SPS) chamber and processed at 493 K, under a pressure of 30 MPa in vacuum. These joining conditions were optimized based on the melting temperature of the solder alloy and the maximum load that BiTe can maintain without cracking. A custom-made alumina structure was used to prevent the current in the SPS from flowing through the TE materials since the high current density would cause local superheating and current effects at interfaces, thus affect the TE properties of the materials. 2 
Characterization of the As-Joined Interface
The obtained segmented sample was cut into different pieces perpendicular to the direction of the joining interface to analyze the microstructural and electrical properties across the interface. The microstructures and chemical distributions of elements at the joint were analyzed by scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS; Zeiss Supra-35). The thermopower of adjacent materials at the joined interfaces were scanned by a Seebeck scanning microprobe (Panco) with scanning probe resolution of 50 lm as described elsewhere. 9 The contact resistances of the joined samples were measured (Fig. 1b) using a 4-probe scanning method described also in Ref. 9 with measurement uncertainty of 1-3%, excluding geometric uncertainty. Characterizations of the obtained BiTe/HH were carried out with increasing temperature from 50 K to 473 K due to the melting limitation of solder Ag 10 Sn. The stability of the joint materials was studied at 473 K for 48 h in a flowing nitrogen environment to minimize a possible oxidation of BiTe and sublimation of tellurium and antimony (in p-type BiTe). 2, 27 Characterization of the materials was done before and after the heat treatment.
Characterization of p-and n-Bismuth Telluride/Half-Heusler Segmented Legs
The electrical resistivity and Seebeck coefficient of the segmented leg, including the interface layer have been measured by using ZEM 3 (ULVAC). Finally, the voltage-current characteristics of the legs were measured at a constant temperature span with a measurement uncertainty of 1.2%. Details of the test system is described in Ref. 8 .
RESULTS AND DISCUSSION

Thermoelectric Properties of Bismuth Tellurides and Half-Heusler Materials
The electrical resistivity (q), Seebeck coefficient (S) and thermal conductivity (j) as a function of temperature for BiTe and HH p-and n-type materials are shown in Fig. 1 . Both p-and n-type BiTe show a metallic-like behavior of the electrical resistivity, similar to that of p-type HH. As for ntype HH, the electrical resistivity exhibits a semiconductor-like behavior. The absolute values of the Seebeck coefficient of both types of BiTe peaked at $ 220 lV K À1 at 373 K and 423 K for n-and p-type, respectively. The Seebeck coefficient of p-type HH increased over the whole measured temperature range to a maximum value of 220 lV K À1 at 873 K. Meanwhile, the Seebeck coefficient of n-type HH increased to a value of 260 lV K À1 at 623 K and then decreased upon raising the temperature, reaching a value of 190 lV K À1 at 873 K due to bipolar conduction effect. By segmenting BiTe and HH, the average ZT of p-and n-type segmented legs, calculated by averaging zT across the temperature range (300-873 K), with zT = S 2 T/qj 5 were 0.4 and 0.5, respectively.
Interfacial Microstructural and Thermoelectric Analyses
Microstructure and chemical analysis at the interface of the p-and the n-type segmented TE elements are shown in Fig. 2 . For both the p-and the n-type, no sign of delamination and cracks between joining layers were observed. In both pand n-type cases, EDS analyses show that in the solder layer, there are regions of Sn-and Ag-rich phases: points (3) and (4) in Fig. 2b and f. A small amount of Sb was also detected in the solder layer, which might be the consequence of diffusion from BiTe to form an interphase with Sn in the solder. 28 An intermediate region rich in Sn with thickness of $ 10 lm formed towards the BiTe side, indicating the diffusion of Sn into BiTe, which was also observed in several other works. [29] [30] [31] The compositions of these interface regions were quantified in Table II (see Appendix) .
After heat treatment, the development of the interdiffusion layer between BiTe and solder alloy Ag 10 Sn is observed in the n-type leg. The total thickness of the Ag 10 Sn/interdiffusion layers increased from 40 lm to 60 lm after heat treatment. EDS analysis of the interdiffusion layer showed that there is a tendency of Sn to diffuse into BiTe to form SnTe-rich phases. 29 After 48 h of heat treatment, the diffusion layer between BiTe and solder alloy expanded by 30 lm (from 10 lm to 40 lm). The p-type segmented leg, however, delaminated after the heat treatment. The delamination could be due to the fast diffusion of Sn into p-type BiTe that degraded the solder layer. [33] [34] [35] The interdiffusion layer between BiTe and HH became more visible after heat treatment (Fig. 2f and k) .
The Seebeck coefficient profiles of the joined interfaces for p-and n-type segmented legs are shown in , which is lower than the $ 180 lV K À1 in BiTe. Towards the HH region, changes in thermopower of the TE material after joining were not observed. In the case of the n-type segmented leg, the Ag and solder layer between BiTe and HH after joining was measured to be< 20 lV K
À1
. This value corresponds well with the Seebeck coefficients of Ag ($ 1.5 lV K
À136
), Sn (À 1.5 lV K
À137
) and SnTe ($ 25 lV K À138 ), which were the main components observed from the EDS analysis.
Electrical Contact Resistances
One of the most critical features of a joined TE element is its area-specific contact resistance. At room temperature, the area-specific contact resistances of the obtained p-and n-type segmented elements are 50 lX cm 2 and 40 lX cm 2 , respectively (Fig. 4) . These values are competitive compared with other studies where contact resistances were below 100 lX cm 2 . 8, 9, 12, [39] [40] [41] This overall specific contact resistance (denoted as R ci ) contains resistances of three interfaces: HH/Ag, Ag/Ag 10 Sn and Ag 10 Sn/Bi 2 Te 3 . Over the whole temperature range, the contact resistance of the p-type segmented leg was found to be higher than that of the n-type segmented leg, presumably due to the presence of SnTe in the interfacial layer between BiTe and Ag 10 Sn solder. SnTe is commonly used as p-type semiconductor because of its high Sn vacancies characteristic, resulting in high concentrations of holes. 13, 38 Thus, the p-type BiTe/SnTe contact is Fig. 2 . SEM images and EDS chemical analysis at the joint interface of p-type (a-d), n-type (e-h) segmented leg before heat treatment and (i, k, l, and m) ntype segmented leg after heat treatment. After heat treatment, the p-type segmented leg delaminated, so no further microstructural analysis was conducted.
more likely to have higher contact resistance compared to the n-type BiTe/SnTe interface. Observation of high contact resistance for p-type TE material and metal interface have been studied and reported by Yamashita. 
where A is the cross-sectional area of the segmented legs which is in this case similar both to n-and ptype legs, ASRc is the measured area specific contact resistance, l BiTe , l interlayer , and l HH are the lengths of the BiTe material, interlayer and HH material, respectively, giving a total length of l total = l BiTe + l interlayer + l HH . The factors q BiTe and q HH are the resistivities of the p/n-type BiTe and the p/n-type HH from (Fig. 1a and e) , allowing q seg of both p-and n-type materials to be calculated. The measured and the calculated q seg of both pand n-segmented legs (denoted as q p-seg and q n-seg , respectively) are in good agreement with each other (Fig. 5a and c) . As it can be seen from Fig. 5c , for the n-type segmented leg, the q n-seg shows a semiconductor behavior with the value of 4 mX cm at 323 K which decreased to 0.2 mX cm at 473 K. The n-type segmented leg, on the other hand, shows a metallic behavior: q p-seg increased from 0.8 mX cm to 1.4 mX cm as temperature increased from 323 K to 473 K (see Fig. 5a ). The measured values were slightly smaller than the calculated ones. It is possible that there is difference in the contact resistance measured by the different equipment. The source of variance is also due to the accurate thickness determination of the intermediate layer using the SEM image. 45 All these factors could add up to the discrepancy between measurement and calculation.
The thermopower of the segmented leg a seg can be calculated from the intrinsic thermopower of the component materials using the following equation:
where j BiTe and j HH are the thermal conductivities of the BiTe and the HH (Fig. 1c and g ) and a BiTe and a HH are the Seebeck coefficients of the segmented materials ( Fig. 1b and f) . The thermopower of n-type segmented leg obtained from the measurements are in good agreement with calculations, as seen in Fig. 5c . Below 373 K, a n-seg = 220 lV K À1 , which is slightly smaller than the calculated value of 240 lV K À1 . The difference might originate from the uncertainty of the temperature measurement of the thermocouple probe. Another reason is the contribution of thermal contact resistances that needs further thermal contact resistance measurements to determine. The p-type segmented leg, however, had measured a p-seg significantly higher than computed. The calculated a p-seg was estimated to be from 150 lV K À1 to 180 lV K À1 , while measurement showed values from 320 lV K À1 to 230 lV K À1 from 323 K to 473 K. This might be due to the geometry of the segmented leg determined to optimize TE output. For the p-type sample, the optimal performance was obtained when the BiTe part should be only 0.6 mm thick (details of the calculation are not shown here), while the size of the ZEM3 probe is 0.5 mm. As a consequence, the position of the probe in the measurement was too close to the joining interface and therefore strongly influenced the measured data.
Output Power-Generating Characteristics of Segmented Legs
The output power characteristics of the obtained segmented legs at different hot side and cold side temperatures are shown in Fig. 6a open voltage and maximum current of the n-segmented leg were 102 mV and 1.6 A, respectively, under hot side/cold side temperatures of 873 K and 323 K, corresponding to a maximum power output of 40.6 mW and a power density of 0.25 W cm À2 . It is worth noticing that in this test setup, the electrode at the cold side of the legs is made merely by Ag paste and has not been optimized yet. The Ag paste after drying can introduce a porous layer that results in a large contact resistance observed in Refs. 2 and 46 and therefore negatively influences the overall TE outputs (Table I) . The stability of the segmented legs, evaluated by recording the change of TE outputs during several thermal cycles, is presented in Fig. 7 . After the 6th cycle, the maximum voltage and power density of the p-type segmented leg decreased by 4.8% and 5.5%, respectively, compared with those obtained from the first cycle. As for the n-type segmented leg, the resulted maximum power density reduced by 5.4% after the 6th cycle, and the highest voltage dropped by 3.9%. The degradation of the output TE performance can be attributed to several possible reasons. The first reason could be the expansion of the interlayer between BiTe and Ag 10 Sn, as observed from the microstructural analysis (see Fig. 2e , f, l, and k). As for the p-type leg, we observed more porosity of the solder layer probably due to diffusion of Sn into BiTe, which has also been observed in Refs. 29 and 33 and could influence the generated current ( Fig. 2a and b) . The measured contact resistance showed an increase at temperature approaching 525 K (Fig. 4) . The second reason may be due to the increase of total TE leg resistance by the surface oxidation of the TE materials in the testing environment (air) and the sublimation of highly volatile elements, especially Sb in HH and BiTe. 48, 49 The reduction of the maximum output voltage might result from the increase in thermal contact resistance between the TE elements and the alumina substrate during cycling. In addition, the effect of uneven deformation of alumina ceramic substrate as a result of the high thermal gradient in the joining direction (which is known as MayerMarschall effect) also increases the thermal contact resistance of the tested TE leg. 16 
CONCLUSION
We have successfully segmented p-and n-type BiTe and HH using a two-step fast hot pressing process and subsequently characterized the segmented legs. Microstructural and chemical elements analyses of the joint interfaces showed good contact and no sign of cracks at the joining between the materials. The diffusion of tin from the solder alloy into BiTe was observed with a penetration depth of 10 lm. Regardless, thermopower microprobe scanning in the vicinity of the joining interface showed no detrimental change of the Seebeck coefficient of the BiTe and HH of the segmented leg after joining, at least within the scale of 50 lm. The area-specific contact resistance of the p-type BiTe/Ag 10 Sn/Ag/HH structure was measured to be 50 lX cm 2 at room temperature and increased to 75 lX cm 2 at 523 K. For the n-type leg, the contact resistance was found to be 50 lX cm 2 at room temperature and slightly decreased to 35 lX cm 2 at 523 K. The electrical resistivity and thermopower of the segmented legs were in good agreement with calculation with the exception of the Seebeck coefficient of the p-type segmented leg which was twice the calculated value due to a geometric measurement error inherent with the sample. The TE output tests in air environment of p-type segmented leg shows a maximum power density of 0.3 W cm À2 under a temperature gradient of 550 K. For the n-type segmented leg, the power density was 0.25 W cm
À2
. After 6 thermal cycles with a hot-side temperature of 873 K, the performance decreased by 5.5% and 5.4% for the p-type leg and n-type leg, respectively. The introduced process to join HH and BiTe is therefore promising for the development of a segmented TE generator. 
